In telocentric trisomics (telotrisomics) of organisms in which the chromosomes normally have two distinct arms, a single chromosome arm with a centromere is present in addition to a complete diploid set of chromosomes. It is the simplest form of polysomy and suitable for analyzing meiotic pairing and recombination patterns in situations where chromosomes compete for pairing. When no suitable meiotic chromosome markers are available, four metaphase I configurations can be distinguished. Their relative frequencies are indicative of the pairing and recombination patterns. In short arm (1RS) telotrisomics of chromosome 1R of rye (Secale cereale) we observed great differences in pairing and recombination patterns among spikes from different tillers and clones of the same plants. Anthers within spikes were only very rarely different. We analyzed a large number of genotypes, including inbreds as well as hybrids. The effects of genetic and environmental conditions on heterogeneity, if any, were limited. Considering that the reproductive tissue of a spike is derived from one primordial cell, it seems that at the start of sexual differentiation there was variation among cells in chromosomal control, which at meiosis determines pairing and crossing-over competence. We suggest that it is an epigenetic system that rigidly maintains this pattern through generative differentiation. In competitive situations the combination most competent for pairing will pair preferentially, forming specific meiotic configurations with different frequencies for different spikes of the same plant. This would explain the heterogeneity between spikes and the homogeneity within spikes. The epigenetic system could involve chromatin conformation or DNA methylation. There were no signs of heterochromatinization.
I
N organisms with chromosomes that normally have two arms, telocentric trisomics (telotrisomics) have one chromosome arm with a terminal centromere in addition to a complete complement. They are the simplest form of polysomy and particularly suitable for the analysis of pairing and recombination patterns in competitive situations. They are used in gene localization, in gene transfer, and in breaking close linkages (Sybenga 1992) . In a previous article (Sybenga et al. 2007 ), we reported mathematical models for estimating pairing and chiasma parameters from metaphase I observations in telotrisomic plants. The models were designed for organisms where insufficient chromosome markers are available or where the morphology of the chromosomes prevents the recognition of specific critical chromosome segments at meiotic metaphase I. We applied the models to two types of telotrisomics involving the short arm of the satellite chromosome (1RS) of rye (Secale cereale), which forms readily recognizable meiotic metaphase I configurations. When the observations started (late 1960s) , no useful C-band or other marker polymorphisms were available. In a preliminary analysis of a small part of the same material (Sybenga 1976) , the behavior of the polysomic 1RS appeared to be chaotic, with an unexpected large variation among different spikes of the same plant. This was confirmed in the Sybenga et al. (2007) analysis using models for estimating pairing preference and chiasma formation parameters as mentioned above, but the pattern of variation was not studied. This analysis is presented here. We now include the comparison of anthers within a spike, where, in contrast with the great differences between tillers of the same plants, no or very little variation was found. In the study of Benavente and Orellana (1985) on C-banded metaphase I preparations of marked telotrisomics of rye chromosome 1RS using limited material, few within-plant replications were reported. Qi et al. (1988) analyzed synaptonemal complex and metaphase I configurations of C-banded telotrisomics of chromosome 1RS of rye, where one chromosome 1R was replaced by the corresponding two telocentrics (telocentric substitution). Their material was limited in scope and no analysis of heterogeneity was reported. Studies of metaphase I association patterns of unbanded telocentric trisomics in rye and other material have been published (Sybenga 1975; Alonso and Kimber 1983; Kimber and Alonso 1984) but not on the same scale, nor with especially prepared material and without paying attention to 1 heterogeneity. In an early study of tetrasomic chromosome arm 1RS of rye, with one isochromosome and two telocentrics, we observed large and systematic withinplant heterogeneity (Sybenga and Verhaar 1975) . Heterogeneity for different configurations of a translocation heterozygote of barley (Hordeum vulgare L.) (Kü nzel 1963) and for chiasma frequencies in rye (Rees and Naylor 1960) were reported. In none of these cases was heterogeneity between anthers of the same spike studied in comparison with heterogeneity between spikes of the same plants or clones. The number of cells and genotypes analyzed was never as large as in this study.
In earlier publications on this and similar material (Sybenga and Verhaar 1975; Sybenga 1976 Sybenga , 1999 Benavente and Sybenga 2004; Sybenga et al. 2007) , we ascribed the large heterogeneity between spikes of the same plant to some form of epigenetic control of meiotic pairing competence. The increased interest in epigenetic control of genetic processes prompted us to analyze the pattern of heterogeneity in more detail and to try to formulate a hypothesis explaining how this would fit in with molecular models of chromosome pairing and recombination. Two types of telotrisomics were studied: a. Simple telotrisomics with one telocentric arm 1RS in addition to the two normal chromosomes 1R ( Figure  1a ). b. Telotrisomics with telocentric substitution, where, in addition to telotrisomy, one chromosome 1R was replaced by the two corresponding telocentrics 1RL and 1RS (telocentric substitution, Figure 1b ; compare Qi et al. 1988) . Sybenga et al. (2007) defined meiotic ''pairing'' as a process of mutual approach of homologous chromosomes, potentially leading to a crossover, which is then seen in metaphase I preparations as an attachment (''chiasma'') of two or more homologous chromosomes. Since there are three pairing partners in telotrisomics (codes 1, 2, and 3 in Figure 1 ), with only two ultimately associating to form a chiasma, there are three possibilities of association at any locus: 1 with 2, 3 not paired; 1 with 3, 2 not paired; and 2 with 3, 1 not paired. The observation of partner switch at metaphase I, with a chiasma on each side of the switch, shows that there are at least two segments (A and B in Figure 1 ) in 1RS where pairing can result in a chiasma and that between them a pairing partner switch can occur. These segments cannot be further defined.
In unmarked material, only four metaphase I configurations could be distinguished (marked l, m, n, and o) in Figure 2 . When no chiasma is formed in the long arm, the configurations are slightly different, but can readily be classified in terms of 1RS pairing. The different configurations and their origin were discussed extensively by Sybenga et al. (2007) .
In configuration l, there has been a pairing partner switch between segments A and B (Figure 1 ) with a chiasma on both sides. All three copies of 1RS are associated by chiasmata to form a branched configuration, but the resulting configurations are different in the two chromosomal types.
In configuration m of the simple telotrisomic, the two short arms of the morphologically identical chromosomes (the complete chromosomes of Figure 1a ) have paired and formed a chiasma. In the telocentric substitution type, these are the two telocentrics (Figure 1b) . One copy of 1RS is not associated by a chiasma with any other chromosome: the telocentric as a univalent in the simple telotrisomic ( Figure 1a ) and the short arm of the normal chromosome in the substitution (Figure 1b) .
In configuration n, the telocentric is associated with the short arm of a normal chromosome 1RS in the simple trisomic, and the 1RS arm of the other complete chromosome is free. In the substitution trisomic, one telocentric is free, and the other is associated with the complete chromosome 1R. Finally, in configuration o, all 1RS arms lack chiasmata and consequently are not associated with any homolog. Photographs of the prophase and metaphase I configurations of the substitution telotrisomic are presented by Qi et al. (1988) .
The relative frequencies of the four configurations are determined by the pairing relations between the three arms and the frequency of chiasma formation in the two segments A and B. In turn, with the proper conversion models, pairing and chiasma parameters can be derived from these frequencies (Sybenga et al. 2007 ). 
MATERIALS AND METHODS
We used the same materials and methods as in Sybenga et al. (2007) and summarize them here. The telocentrics 1RS and 1RL ( Figure 1 ) were derived as simple telocentric trisomics from spontaneous centromere breakage of primary trisomics of 1R, in turn derived from one spontaneous triploid plant, originating from spring-type Petkus rye. The telocentric substitution was formed by combining the long arm and short arm telocentrics by crossing the long arm telotrisomic as the female parent with the short arm telotrisomic as the male parent, because the transmission of the long arm through pollen is very limited. The telotrisomic with telocentric substitution was obtained by crossing the 1RS telotrisomic as the female with the substitution as the male parent.
To be able to study the meiotic behavior of the telotrisomics in different genetic backgrounds, the simple telotrisomics of 1RS and the telocentric substitution were backcrossed for at least six generations with each of four different, highly inbred lines with accession nos. 001, 015, 029, and 200. These lines were originally derived from different accessions of openpollinated winter-type rye.
Backcrossing telocentric trisomics presents difficulties: the telocentric must recombine with the short arm of the recurrent 1R, but may pair and recombine with the nonrecurrent homolog and then fail to receive the intended segment, or even loose it. Thus, after six generations, it is not certain that the extra chromosome has indeed the desired genetic composition (Sybenga et al. 2007) .
The resulting trisomics were subsequently hybridized with each one of the inbred lines or with the backcrossed substitution lines to obtain inbred and hybrid trisomics of both chromosomal types.
Plants were grown from seeds, and the desired chromosomal types were selected at the seedling stage. To increase the material of each genotype and each plant, the plants were split at the tillering stage, and separate tillers, clones of the original seedlings, were grown in pots, where they continued tillering. The cloned progeny were grown in the greenhouse or, for some genotypes, in growth chambers at 20°or 15°to study possible effects of environmental conditions. Spring-type plants were selected.
Plants in this study were grown and fixations were made in different years, indicated by the first two digits of the plant number and the fixation number.
The stage of meiosis was checked in one of the three anthers of a floret, and if correct, the remaining two were fixed in acetic alcohol 3:1. Anthers from more than one floret of the same spike were included in the same vial with fixative. Each vial was given an individual fixation number, which is the ''fixation'' referred to in text and tables. Thus, the anthers of one fixation were derived from one spike. Rarely, anthers from a different spike of a tiller from the same pot and flowering at the same time were included.
Usually 100 cells were scored from a single anther, the next 100 from another, etc. Originally, a separate list of scores contained the data of the 100 cells of a single anther, and when these lists were kept, different anthers from the same spike could be compared. This is the case for three genotypes of the telotrisomic with telocentric substitution. However, in many cases the original lists could not be recovered, and only the totals of all anthers studied from a fixation were available, and thus comparisons could be made only between fixations. The genotypic combinations analyzed are shown in Tables 1 and 2 (compare with Figure 1) .
Heterogeneity between anthers of the same spike, between different tillers of the same plant, between plants, between environmental conditions (temperatures), and between years (1976 and 1977, when relevant) was measured by x 2 analyses. Large heterogeneity between fixations within plants may produce spurious significance of differences at the levels of plants, environment, and genotype. This was checked by an analysis of variance (ANOVA).
RESULTS

Simple telotrisomic (Figure 1a, Table 1)
Data for individual fixations are available, but are not presented here. Tables 3-7 give the number of cells for each configuration and their relative frequencies and tests of heterogeneity (over all fixations, between fixations within plants, between plants, between temperatures, and between years where relevant). When relevant, an analysis of variance (ANOVA) was performed to assign the source of heterogeneity to the proper factor.
Inbreds: The inbreds were grown in the greenhouse. Inbred 001 (Table 3) : Two plants of inbred 001 were studied, with four and two fixations, respectively, and 500 cells per fixation. Table 3 shows the total number of cells for each configuration (l, m, n, and o), their relative frequencies (fraction), the overall heterogeneity between all fixations for each configuration and for their sum, and the difference between the two plants and the heterogeneity between fixations within plants.
The overall heterogeneity was large and almost entirely due to large heterogeneity between fixations, representing different clones of the same plants. The difference between plants was significant only for configuration l, caused primarily by a difference in chiasma formation in the interstitial segment B, and almost so for o, the value of which is determined by the overall chiasma frequency.
Inbred 015 (Table 4) : There were five plants of inbred 015 with two fixations each and 500 cells per fixation. Overall heterogeneity over all fixations was large. The heterogeneity between fixations within plants was large for the sum of the configurations and for configuration o. Heterogeneity between plants was considerable, especially for configurations m and n. This made it interesting to check the between-plants variation by an ANOVA.
The F-value showed that for only these two configurations (m and n) the difference between plants was significant. The significant between-fixations heterogeneity of o may well have been the reason for the insignificant difference between plants in the ANOVA. A similar but less striking phenomenon is seen for l. The plants were apparently homogeneous for chiasma formation.
Inbreds 029 and 200: These inbreds will be discussed only briefly. Together with the other genotypes they are reviewed in Table 8 .
In inbred 029, the heterogeneity between plants was very large for all configurations. The same was true for fixations within plants, but slightly less. In contrast with inbred 015, the analysis of variance showed that the differences between plants were statistically significant for l, n, and o, but not for m, probably because it had the largest heterogeneity between fixations.
With inbred 200, two closely related populations of plants were studied. The overall heterogeneity was large for all configurations. Heterogeneity between fixations within plants was especially large for configurations o and (less so) for m, but not for l and n. Heterogeneity between plants and between the two populations was large, but the analysis of variance showed that the difference between the two populations was significant only for l. Apparently, the low between-fixations heterogeneity of l and the large heterogeneity of the other configurations played a role. The overall variation between plants was not a result of the difference between the populations as such, but of variation between the plants of the second population.
Hybrids: Of the hybrid plants, separate clones were grown under different temperature regimes (15°and 20°). More fixations were studied than in the inbreds. There were three hybrids, all involving 029 as the mother, which contributed the extra telocentric 1RS.
Hybrid 029 3 001 (Table 5 ): The overall heterogeneity was large and variable, as was that between fixations. In the ANOVA, the difference between temperatures was significant for branched trivalents (l), chain trivalents (n), and univalents (o), but not for rings with univalents (m). There was no significant difference between plants, although the heterogeneity x 2 would suggest so. This must have been a consequence of the large betweenfixations heterogeneity.
Hybrid 029 3 015 (Table 6 ): There were two populations, which differed by origin. Plant 79369-4 had a translocation in its ancestry, which was lost during backcrossing; plants 79372-4 and 79372-8 did not have a translocation in their ancestry. Clones were grown at 15°and 20°.
The overall heterogeneity was very large. The difference between temperatures might seem significant for o on the basis of the heterogeneity x 2 , but appeared to be due entirely to the heterogeneity between fixations and plants, as is clear from the variance ratios (F-values).
The differences between plants were significant for the branched trivalents (l) and trivalents (n), and the interaction between plants and temperatures for l. As appeared from the number of cells for each configuration, this was due mainly to a difference between the sister plants 79372-4 and 79372-8, not to a difference between the populations.
Hybrid 029 3 200 (Table 7) : The heterogeneity was large, except for configuration l, and was mainly between fixations within the single plant and within temperatures. The difference between temperatures was large only for configuration m, but the ANOVA variance Number of asterisks indicates significance. No P-value can be given because the heterogeneity is a composite of several separate cases.
ratio F shows that even here it was not due to intrinsic temperature effects.
Telotrisomics with telocentric substitution ( Figure 1b , Table 2) Inbreds: Inbred 001 (Tables 9 and 10) : Observations of three individual anthers within fixations were recovered. As referred to above, these had been derived from the same spike or, rarely, from a spike developmentally close to the first. Of each of two anthers, 100 cells were studied; of the third anther, only 50 cells were studied. The number of several configurations was critically small in the sample of 50 cells, so these anthers were not included in the comparisons. In Table 9 , the total number of cells for each configuration is given, but the x 2 analysis refers to the difference between the two anthers with 100 cells each, again for each configuration separately, as well as their sum. Configuration l was excluded as the number of cells with l was always low. As the frequency of configuration l varied, the totals of the remaining configurations were not identical for the different fixations. This had to be taken account of in the calculations. Excluding l is not expected to affect the conclusions.
The two anthers of fixation 76212-1 (plant 76355-1) were very different. The two anthers within all other 15 fixations were strikingly similar, in contrast to the differences between the fixations (Table 10) . The number of cells for each configuration for all fixations is given. Also given are the x 2 and P-value for the difference between two anthers with 100 cells each, for each configuration except l. Inbred 015 (Tables 11 and 12 ): Data for separate anthers were again available. As in inbred 001, anthers with 50 cells and configuration l were omitted from Table 11 and the calculations.
The anthers were very similar in all 12 comparisons, including configuration o, which was very heterogeneous between fixations (Table 11) . The x 2 values were very small, except two that deviated slightly, with Pvalues of 0.060 and 0.055, in both cases due to only a slight difference in m. For the 12 comparisons this may mean that, if there was a difference between the anthers of the same spike, it was very rare.
There was considerable heterogeneity between fixations (data for anthers pooled) for configurations l (branched) and o, which are determined mainly by the chiasma frequency, but not for m and n, which are determined mainly by the pairing pattern. This implies that the pairing pattern was constant, but that the chiasma frequencies varied. There was hardly any difference between the two plants, the x 2 being significant only for l, but the ANOVA shows that this was entirely due to between-fixations heterogeneity.
Inbred 029: One plant (78389-9) was studied. Six fixations were made from clones grown in the growth chamber at 15°and another six fixations were grown at 20°for a total of 3000 cells. No separate data for anthers were available. No details are shown but a summary is given in Table 16 .
The heterogeneity was again great for l and o, less so for m, and absent for n. It was almost entirely due to variation between fixations within growth conditions (temperatures) within clones of the single plant. At both temperatures one very deviating fixation caused much of the heterogeneity. The x 2 for the effect of temperatures was significant only for m, which was apparently due to the fact that for this configuration the fixations were so homogeneous that even small differences became significant. However, even for m the F-value of the ANOVA turned out to be insignificant. Hybrids: Hybrid 001 3 015 (Tables 13 and 14) : Data for separate anthers were available. In Table 13 , the number of cells for each configuration for each hybrid is given, in addition to the x 2 of the differences between two anthers (with 100 cells each and excluding l) for the population grown in 1976 only.
No differences among anthers were observed, including fixations that deviated considerably from the mean. The smallest P-value was 0.182. Table 13 . Fixation 76058-1 was omitted because of a very deviating pattern; two plants of 77332 (10 fixations, 250 cells each) were added. Number of asterisks indicates significance (P , 0.01-P , 0.001). Table 14 shows the overall data for the same population (76356) grown in 1976 and for an additional population (77332) grown in 1977, without scores for individual anthers. The parents had the same genetic background. The plants were grown in the greenhouse.
Within the two hybrid populations, the fixations and individual plants were quite homogeneous when one fixation (76058-1) was omitted. This fixation was very different from the remainder. The data of plants within years were pooled for the calculation of the t-value of the ANOVA. The differences between the two hybrid populations (in years) were real and great, in spite of the fact that they were genetically very similar.
Hybrid 015 3 001 (Table 15) : The reciprocal hybrid (015 3 001, Table 15 ) was grown as two populations in the same two years (1967 and 1977) as hybrid 001 3 015. In population 76357 (five plants, a total of 11 fixations), there was considerable total heterogeneity for the configurations l and o (determinants of the chiasma parameters), not for m and n (primarily determining the pairing parameters). Apparently, the difference between plants (where m was also heterogeneous) was intrinsic and not due to the heterogeneity between fixations, which was limited. In population 77333 (three plants, 16 fixations), configurations l and o were also heterogeneous, in addition to m, which was the only configuration significantly different among the plants. In contrast to 76357, all configurations except n showed significant heterogeneity between fixations. The between-populations (in years) heterogeneity x 2 was significant for l and m, but in the ANOVA the significance was maintained only for l. In almost all respects, the two reciprocal hybrids between 001 and 015 were different.
Hybrids 015 3 029 and 029 3 015: In hybrid 015 3 029, the overall heterogeneity was limited to configuration o, primarily due to heterogeneity between plants, where n was slightly heterogeneous. This was confirmed in the ANOVA (F-test), which reflects between-plant heterogeneity rather well because of the limited heterogeneity between fixations.
The reciprocal hybrid was different, with considerable heterogeneity between fixations and plants for several configurations. The remaining hybrids (see Table  1 ) are reviewed in Table 16 . 
DISCUSSION
The most striking phenomenon is the great overall heterogeneity observed. Heterogeneity between fixations within plants and environmental conditions was often the main contributor. Analyses of variance usually showed that differences between plants and between temperatures were not due to intrinsic effects, but to the great variability within these factors. Some betweenplant heterogeneity was observed, but significant differences between temperatures (15°and 20°) were rare. Total heterogeneity and heterogeneity between fixations were not evenly distributed over the four configurations, and some genotypes showed more and different distributed heterogeneity than others.
In three genotypes (two inbreds and one hybrid) of the telotrisomic with telocentric substitution, it appeared that, with very rare but striking exceptions, there was complete correspondence between the anthers, in contrast to the usually large differences between fixations. The way fixations were made precludes a complete reconstruction of the anatomical relations between the tissues from which the anthers had developed. The two anthers recorded separately were usually derived at least from the same spike and often from the same floret, but occasionally from a neighboring spike fixed at the same time at the same developmental stage. It was clear that two anthers of the same fixation had a much more recent common developmental (anatomical) ancestry than anthers of different fixations. It is tempting to suggest that in the few cases where the two anthers analyzed were significantly different, they were derived from different spikes.
There was a difference between the two chromosomal types, both in the relative frequencies of the four configurations and in respect to heterogeneity. Sybenga et al. (2007) found a similar large difference between the two chromosomal types in respect to pairing and chiasma parameters. In the substitution telotrisomic, pairing between morphologically identical, but genetically different, chromosomes was less frequent than random, but in the simple telotrisomic it was more frequent than random. The cause of the apparent relation between pairing preference and heterogeneity in pairing is not at all clear. In the simple telotrisomic, the two morphologically identical chromosomes were two complete chromosomes; in the substitution type, they were two telocentrics. This would imply an effect of the long arm, contradicted by the fact that one of the two 1RS telocentrics in the substitution telotrisomic paired preferentially with a complete chromosome rather than with the other telocentric.
Although rarely published, infrequent configurations and specific patterns of chromosome behavior often occur in clusters (Maguire 1976) . The heterogeneity described here may have a similar basis, but involves configurations that are definitely not rare, and the ''clusters'' are large, corresponding with entire spikes. Because heterogeneity between spikes was large, and within spikes very limited, any mechanism causing differences between spikes must have been initiated at an early stage of spike development, possibly at the time the differentiation of reproductive tissue starts. Previous publications (Sybenga 1999; Benavente and Sybenga 2004; Sybenga et al. 2007) proposed that the cause of these differences would be variable patterns of epigenetic control regulating meiotic pairing and genetic exchange, which were already present in the primordial cells from which the generative tissue of the spike develops. This could be the first stage of the process that, at premeiotic replication, removes blocks that In two hybrids, the observations of different years are presented separately as a and b. Number of asterisks indicates significance. No P-value can be given as the heterogeneity is a composite of several separate cases.
normally prevent somatic pairing and crossing over. In the meiotic cell, the final switch involves all chromosomes, but, at the level of the primordial reproductive cell, the switch is apparently not homogenous.
If we conclude that variation in pairing and chiasma patterns may have an epigenetic component, possible mechanisms are variation in chromosome conformation (caused by post-translational histone modification or otherwise) or methylation of critical transcribed DNA segments. Wolf (1963) could relate the frequency of crossing over in Phryne to heterochromatinization. In our material, heterochromatinization was not observed. Wu and Lichten (1995) found chromatin structure to be important for the formation of double-strand breaks and the further course of recombination, not directly at the site of the breaks, but at some distance. Mikhailova et al. (1998) showed that the effect of the mutant ph1 on homeolog pairing in wheat (Triticum aestivum) was accompanied by and probably resulted from alteration of chromatin structure. In their material, in addition to changes in chromatin structure in meiotic cells, similar changes were found in tapetal cells, which are somatic, but related to meiotic cells and have the same anatomical origin. The importance of changes in chromosome and chromatin structure during meiosis was further shown by Kleckner et al. (2004) and Zickler and Kleckner (1999) .
Epigenetic control is usually considered to involve regulation of transcription by methylation. There are indications that a relationship exists between chromosome pairing and transcription with pairing sites at or near the promoter (Cook 1997; Haber 1997; Sybenga 1999; Benavente and Sybenga 2004) . With the increasing interest in and knowledge of small unique noncoding RNAs (Willingham and Gingeras 2006) and short DNA segments with regulating properties, short RNAs are an interesting candidate for serving as an intermediate between pairing chromosomes. This fits in with the suggestion that there is a relation between pairing and transcription.
In situations where more than two homologous chromosome segments compete for pairing (trisomics and tetrasomics), the decision of which two ultimately synapse depends on the pairing competitiveness of the segments involved. The choice determines which configuration results at metaphase I. Slight variation in competitiveness between homologous segments can result in considerable differences in metaphase configuration frequencies between different sectors of the same plant. A critical but not homogeneous, epigenetically controlled change in chromosome conformation at the moment of differentiation from the vegetative to the reproductive developmental stage, affecting pairing competence, would explain the heterogeneity between fixations representing different sectors of the same plant.
